The whole-farm nutrient mass balance (NMB) is an adaptive management tool that can be used to identify areas for improvement in nutrient management and to monitor progress over time. The objectives of this study were to (1) evaluate the trends of nitrogen and phosphorus mass balances of 27 New York State dairy farms over 6 to 10 yr, (2) identify specific management changes made by 4 case study farms that improved NMB over time by shifting NMB up or down depending on the initial NMB, and (3) evaluate the potential of key indicators to identify opportunities for improvement in NMB. During the study period, milk price fluctuated whereas costs associated with feed and fertilizer increased substantially. Of the 27 farms, 67 to 74% (depending on the nutrient) decreased NMB per hectare over time, whereas 63 to 67% decreased NMB per megagram of milk over time. In general, changes in NMB were directionally correct, with 43 to 56% of farms operating in the optimum operational zone (with both NMB per hectare and per megagram of milk below the feasible levels suggested for New York) toward the end of the study versus 22 to 26% in the first 2 yr of the assessments. The 4 case study farms improved their NMB, whole-farm nutrient use efficiencies, and feed nutrient use efficiencies while maintaining or increasing milk production per cow. The case study farmers made the largest changes in precision feed management, reducing protein and P in purchased feed by replacing concentrates with blends with lower nutrient concentrations. Total nutrient imports, feed imports, the percentage of homegrown feed and nutrients, the concentration of nutrients in the purchased feed, fertilizer imports, and overall crop yields were useful in identifying potential areas for improvement in NMB.
INTRODUCTION
In 1999, under the Clean Water Act (USDA-EPA, 1999), New York State (NY) introduced its first concentrated animal-feeding operation (CAFO) permit for dairy and livestock farms that exceeded a population threshold. These facilities were defined as point sources of pollution by Environmental Protection Agency rules and the permit requires control of pollutants, including losses of nitrogen and phosphorus from livestock production areas and land under control of the operation that receives manure. In addition, state and federal programs were instituted to assist nonregulated farms to implement comprehensive nutrient management plans (CNMP). The implementation of CNMP and their associated best-management practices contributed to an improvement in NY statewide P balances over time (Ketterings and Czymmek, 2012) . The plan-based CNMP approach takes a very important first step by ensuring enough land base is accessible to reasonably recycle nutrients, but it does not provide a mechanism for farms to measure and manage internal nutrient use efficiency as a way toward nutrient source reduction.
In 2011, the Natural Resources Conservation Service (NRCS) released a Technical Note entitled "Adaptive Nutrient Management" (NRCS, 2013) , recognizing that no single nutrient management strategy exists that is optimal for all cropping scenarios. The adaptive management approach promotes adjustments in amount, source, timing, and placement (method of application) of fertilizer and manure to minimize nutrient losses and increase nutrient use efficiency over time. Adaptive management allows farms to set a performance base and then choose a range of practices and approaches to meet goals over time. This approach requires the use of tools and benchmarks to both determine a starting point (performance base) and to evaluate the effect of management changes on performance indicators over time.
Various tools exist for evaluation of management practices at the field or cow level. However, an annual whole-farm nutrient mass balance (NMB) assessment is one of very few on-farm tools to aid in whole-farm performance. An NMB is the difference between the nutrients imported onto and those exported from farms, expressed as nutrients per tillable hectares or per megagram of milk production. Negative NMB are undesirable in the long term, whereas a large positive balance may indicate low nutrient use efficiency and high risk of nutrient loss. Although several studies assessed NMB on various agricultural operations in the United States (Anderson and Magdoff, 2000; Spears et al., 2003; Hristov et al., 2006) , none included benchmarks or feasibility assessments. Two exceptions include studies in Belgium by Nevens et al. (2006) and in NY by Cela et al. (2014) . The latter study characterized the distribution of NMB of 102 dairy farms in NY in a single year and proposed feasible balances at ≤118 kg of N/ha (excluding N 2 fixation; N1), ≤146 kg of N/ha (including N 2 fixation and assuming no manure application to legumes; N2), and ≤13 kg of P/ha, based on the NMB at or below which 75% of the farms operated in the study. Cela et al. (2014) also reported feasible balances per megagram of milk at ≤8.8 kg of N/Mg for N1, ≤11.8 kg of N/Mg for N2, and ≤1.1 kg of P/Mg based on what 50% of the farms achieved in that database. Farms that operate with NMB that are below the feasible balances per hectare and per megagram but above zero are defined as farms managed in the optimum operational zone. Farms in the optimum zone have low risk of losing nutrients to the environment as well as high nutrient use efficiencies.
Nutrient mass balances can vary from year to year as they can be influenced by weather conditions, feed and milk prices, and so on. Therefore, to truly evaluate the effect of management changes on NMB, long-term trends need to be analyzed. A study by Soberon et al. (2015) analyzed NMB on 54 NY dairies over 4 to 6 yr and showed that 63 to 76% of the NMB decreased over time (depending on the nutrient), and >50% of the farms did so while increasing milk production per cow. Improvements in balances were primarily due to changes in feed imports. Soberon et al. (2015) identified total nutrient imports, feed nutrient imports, animal density, percentage of homegrown feed, homegrown nutrients fed, and feed nutrient use efficiency as key indicators to identify areas for improvement in NMB. However, the study did not assess specific management changes made at the farm level. Such an assessment will require additional assessment years. The objectives of the current study were to (1) evaluate the evolution of N and P mass balances of 27 dairy farms over 6 to 10 yr; (2) identify specific management changes made by 4 case study farms, each with at least 8 yr of data, that improved NMB over time while maintaining or increasing milk productions; and (3) evaluate efficiency indicators for their ability to identify opportunities for improvement in NMB.
MATERIALS AND METHODS

Participating Farms and Selection of Case Study Farms
Dairy farmers were selected based on their interest in participating and the availability of records to complete the NMB (Cela et al., 2014) . In our study, we analyzed 27 NY dairy farms that assessed NMB for 6 to 10 yr between 2003 and 2013 (not all of them in consecutive years), resulting in a total of 193 annual NMB. Farms were located in 9 NY watersheds. The size and management practices varied widely across farms: 20 to 5,003 cows, 36 to 2,703 tillable hectares, 0.5 to 5.1 animal units (AU)/ha, 4.2 to 13.6 Mg of milk/cow per year, 1.6 to 28.1 Mg of milk/ha, and 33 to 98% of homegrown feed. Eighteen farms were classified as animal feeding operations (AFO; <200 mature dairy cows) and 9 were CAFO (>200 mature dairy cows, USDA-EPA, 1999). Therefore, this database is skewed toward medium and large farms compared with the distribution of all dairy farms in NY (Cela et al., 2014) .
From this database, 4 farms with 8 to 10 yr of NMB records (35 NMB) were further evaluated for specific management changes that affected their farm's NMB. The 4 selected farms (1) operated in the last 4 yr with NMB per hectare and per megagram of milk below the feasible NMB ±10%, (2) had high-performing herds (>10.3 Mg of milk/cow per year) compared with the average of NY dairies in the 2003 to 2010 period (8.7 Mg/cow per year; USDA-NASS, 2014), (3) maintained or increased total milk produced per farm and per cow over the study period, (4) represented all size-categories (AFO, medium and large CAFO), and (5) illustrated the different NMB trends observed in the larger database (increases, decreases, fluctuations over time).
Characteristics of Case Study Farms
Farm 1. Farm 1 is a medium CAFO. On average, over the first 2 yr of assessments, it had 630 mature Holstein cows (0.68 heifer-to-cow ratio), 497 tillable ha (74% of which received manure), produced 10.5 Mg of milk/cow per year (Figure 1 ), had an overall crop yield of 10.7 Mg of DM/ha, and did not export crops or manure. The typical rotation of the farm was an alfalfa-grass or grass to corn rotation with, within any typical year, 23 to 31% of the land in alfalfa-grass, 20 to 33% in grass, and 42 to 51% of the land in corn, most of which was harvested as silage ( Figure 2 ). In 2006, 7055 the farmer built a 12.1 million liter manure storage, increasing the time of manure storage from a few days to approximately 6 mo.
Farm 2. Farm 2 is a large CAFO. On average over the first 2 yr of assessments it had 1,033 mature cows (98% Holstein, 2% Jersey and other breeds), 0.81 heifer-to-cow ratio, 624 tillable ha (all of which received manure), produced 11.4 Mg of milk/cow per year (Figure 1) , had an overall crop yield of 13.1 Mg of DM/ ha, exported 9 and 7% of the total N and P exports as crops, respectively, and 12 and 11% of the total N and P exports as manure, respectively. The typical rotation was a corn and alfalfa or grass hay rotation, including 44 to 57% of the tillable hectares in corn (of which >93% was harvested as silage), 35 to 45% of the land in alfalfa and grass hay, and a small area (2-6%) in peas ( Figure 2) . Farm 3. Farm 3 is an AFO. On average over the first 2 yr of assessments, it had 87 Holstein cows (0.83 heifer-to-cow ratio), 142 tillable hectares (89% of which received manure), produced 11.5 Mg of milk/cow per year (Figure 1) , had an overall crop yield of 8.4 Mg of DM/ha, exported 54% of the total N and 42% of the total P as crops, respectively, and did not export manure. The typical crop rotation was a corn and alfalfa and grass hay rotation, with 34 to 43% of the area in corn, which was typically harvested for silage, 37 to 54% in alfalfa-grass, and 10 to 19% of the area in grass hay. The farm occasionally grew some wheat ( Figure  2 ). Farm 3 went through a major management change in 2009, when the farmer installed 2 robotic milking stations in their existing freestall barn, increased the number of cows, and shifted from milking cows twice a day to 2.7 times/d. A rented portion of Farm 3 land base came up for sale shortly after the significant capital investment in the robots, resulting in a reduction of acreage on the farm, as the farm did not have the capital to purchase the land.
Farm 4. Farm 4 is a large CAFO. On average over the first 2 yr of assessments it had 929 cows (90% Holstein, 5% Jersey, 5% Brown Swiss), 0.85 heifer-to-cow ratio, 1,041 tillable hectares (90% of which received manure), produced 11.6 Mg of milk/cow per year (Figure 1) , had an overall crop yield of 9.5 Mg of DM/ha, exported 12 to 14% of the total N and P via crops, respectively, and 0 to 1% of the total N and P via manure, respectively. The typical rotation was a corn and alfalfa rotation, including 46 to 52% of the tillable area in corn, of which 33 to 74% was harvested as silage, 28 to 36% of the area in pure alfalfa, 3 to 10% of the hectares in grass, 9 to 10% in wheat, and 3 to 5% in soybeans (Figure 2 ).
Data Collection
The NMB data collection process was extensively described in Soberon et al. (2013) and Cela et al. (2014) . Briefly, NMB assessments were based on farm records; no additional sample analyses were done. Data were collected for calendar years (from January 1 to December 31). The imports included purchased feed corrected for inventories, fertilizers, animals and bedding, and their respective N, P, and K concentrations. The managed exports included milk, animals, crops, and manure. Additional data collected included the number of milk cows, heifers, calves, and their average BW, total farm land (owned plus rented land, including buildings and woodland), tillable land (owned and rented crop land and potentially tillable pasture), legume land (tillable land with >10% legumes), land receiving manure (as a percentage of the tillable land), and the quantity and quality of farm-produced grains and forages. After the annual NMB assessments were completed, reports were mailed to the participating farms with comparisons of their NMB per hectare and per megagram of milk with those of their peers in NY. The reports did not include interpretations, advice, or benchmarks.
Calculations
In our study, the Cornell University NMB calculator (Soberon et al., 2013) was used to calculate the wholefarm NMB. For each farm, an NMB was calculated by adding the nutrients in imported feed, fertilizers, N 2 fixation, animals, and bedding, and subtracting exported nutrients in milk, animals, crops, and manure. The NMB were expressed per tillable hectares (reflecting potential for nutrient recycling on the land base) and per megagram of milk produced (reflecting nutrient use efficiency). The estimation of N 2 fixation of legumes has a high degree of uncertainty (Oenema et al., 2003; Gourley et al., 2012) . For this reason, 2 N balances were calculated: N balance without N 2 fixation (N1) and N balance assuming a yield-specific N 2 fixation and no manure applications to legume fields (N2). Thus, the actual N mass balance is somewhere between N1 and N2. Further details were reported by Cela et al. (2014) .
One AU was defined as 454 kg of live weight across all classes of dairy cattle: cows, heifers, and calves. The animal density (AU/ha) of each farm was calculated as the ratio between the total animal units and the number of tillable hectares. Crop production was calculated by multiplying the yield of each crop (Mg of DM/ ha) by the area harvested (ha). The total farm crop production (Mg of DM) was obtained by adding the production of all crops within a farm. The overall crop yield (Mg/ha) was determined by the ratio between the total farm crop production and the total area planted with crops in a given farm. Farm-produced feed (kg of DM) was the total farm crop production plus the initial inventory minus the ending inventory minus crops sold. All feed fed to the herd (forage and concentrates, kg of DM) included farm-produced feed plus purchased feed and storage and handling losses. The percentage of homegrown feed was the ratio between farm-produced feed and all feed fed to the herd. The feed nutrient use efficiency was defined as the total nutrients sold in milk plus animals, divided by all nutrients fed to the herd. The whole-farm nutrient use efficiency was defined as the ratio between total nutrient exports and total nutrient imports. For each farm, a gross estimation of the annual DM intake of the herd was calculated by considering the animal units per farm and a daily DMI of 3% of the BW (NRC, 2001 ).
Rainfall and Commodity Prices
The weather conditions were slightly wetter than the average of the previous 30 yr (1,013 mm/yr) across NY, with the exception of 2009 and 2012 (Table 1 ). The price paid by farmers for different feeds increased at an annual rate of $22 to $38/Mg per year, depending on the feedstuff, with a sharp increase in 2008 (Table 1) . A similar trend was observed for the price of fertilizers, which increased by $40 to $52/Mg per year over the study period. The price paid to farmers for wheat, corn, and soybeans increased by $21 to $35/Mg per year, whereas baled hay remained constant in price over time (Table 1 ). Milk price fluctuated over time; milk prices were lowest in 2006 and 2009 and highest in 2007, 2011, and 2012 (Table 1) . Prices were obtained from NYSASS (2013), except canola prices, which were obtained from USDA-ERS (2014). 
Statistical Analyses
For each of the 27 farms, NMB were regressed against the year to evaluate the trends in NMB over time, with positive and negative slopes indicating increases and decreases in NMB over time, respectively. The first and the last 2 NMB per hectare of each farm were plotted against the milk production per hectare to determine if farms were moving toward more optimal NMB levels over time (directionally correct changes). Key indicators to predict areas for improvement were evaluated by regressing NMB per hectare (without manure exports) on total nutrient imports per hectare, feed imports per hectare, percentage of homegrown feed and nutrients fed, animal density, and feed use efficiency. For each of the 4 case study farms, simple linear regressions were performed with NMB per hectare as the dependent variable and the different farm characteristics, types of imports, and types of exports as independent variables. Analyses were performed with SAS 9.3 (SAS Institute, 2013).
RESULTS AND DISCUSSION
Trends of NMB for the 27 Farms
Most of the farms decreased the NMB per hectare over time (70% for N1, 74% for N2, and 67% for P; Figure 3) . The annual change in NMB per hectare ranged from −30 to 17 kg of N/ha per year for N1, from −34 to 18 kg of N/ha per year for N2, and from −6 to 2 kg of P/ha per year. Similarly, most of the farms decreased the NMB per megagram of milk over time (67% for N1, 63% for N2, and 63% for P). The annual change in NMB per megagram of milk ranged from −3.8 to 1.6 kg of N/Mg per year for N1, from −3.9 to 1.2 kg of N/ Mg per year for N2, and from −0.62 to 0.34 kg of P/Mg per year. In general, changes in N1 and P balances over time were directionally correct. The percentage of NMB that fell in the optimal operational zone increased over time, from 22 to 26% over the first 2 yr to 43 to 56% over the last 2 yr of assessments (Figure 4 ).
Case Study Farm 1
Initial Mass Balances and Key Indicators. In the first 2 yr of the study, Farm 1 greatly exceeded the feasible NMB ( Figure 5 ). At that time, Farm 1 had 2.48 AU/ha (Figure 1 ), imported 297 kg of N/ha (322 kg of N/ha including N 2 fixation) and 38 kg of P/ ha. Feed imports accounted for 247 kg of N/ha (83% of the total N1 imports, 77% of the total N2 imports) and 32 kg of P/ha (84% of the total P imports; Figure   6 ). The percentages of homegrown feed (% of DM fed), homegrown N fed (% of all N fed), and homegrown P fed (% of all P fed) were 62, 40, and 44%, respectively. The initial whole-farm nutrient use efficiencies were 26% for N1, 24% for N2, and 36% for P, and the initial feed nutrient use efficiencies were 19% for N and 24% for P (Figure 7) .
Evolution of Mass Balances and Main Drivers for Change. Farm 1 reduced its NMB and operated close to or below the feasible NMB ±10% over the last 6 yr of the study ( Figure 5 ). Changes in its N and P balances were primarily driven by changes in feed imports, whereas changes in P balances were also correlated with changes in fertilizer P imports ( Table 2 ). The NMB per hectare were negatively correlated with the number of tillable hectares, the percentage of homegrown feed and nutrients, the concentration of CP in the homegrown feed, and the feed P use efficiency, and were positively correlated with the concentration of P in all feed and in the purchased feed (Table 3) . Farm 1 increased the whole-farm nutrient use efficiency (from 26 to 44% for N1, from 24 to 38% for N2, and from 36 to 81% for P) and the feed nutrient use efficiency (from 19 to 23% for N, and from 24 to 32% for P; Figure 7) . Specific Management Changes. The farmer reduced the amounts of N and P imported through feed by 121 kg of N/ha (~12 kg of N/ha per year, 49% reduction) and by 16 kg of P/ha (~1.6 kg of P/ha per year, 50% reduction) between the first 2 and the last 2 yr in the study ( Figure 6A, B) , primarily due to a reduction in purchased feed ( Figure 6C, D) and reduction in the concentration of nutrients in the purchased feed [from 25.9 to 20.0% of CP (23% reduction) and from 0.53 to 0.41% of P (23% reduction); Figure 6E , F]. Over time, Farm 1 discontinued the purchase of canola meal (40.9% CP, 1.20% P) and reduced the purchased amount of cornmeal (9.0% CP, 0.30% P), minerals (30.6% CP, 0.08% P), soybean meal (52.8% CP, 0.71% P), and ground wheat (14.2% CP, 0.42% P). These ration ingredients were substituted by AminoMax Pro (46.5% CP, 1.01% P; Afgritech LLC, Watertown, NY), high-moisture ear corn (9.0% CP, 0.27% P), steam-flaked corn (7.3% CP, 0.19% P), and straw (4.8% CP, 0.10% P). In addition, the farmer gradually reduced the concentration of nutrients in a protein mix, from 46.5% CP and 0.38% P to an average of 23.0% of CP and 0.14% of P over the last 2 yr. As a result of these changes, the concentration of CP and P in all feed (whole herd) decreased from 16.5% CP and 0.36% P in the first 2 yr to 15.1% CP and 0.33% P in the last 2 yr. These numbers include handling and storage losses of homegrown and purchased feed, thus nutrient concentrations at the cow level will differ.
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The farmer also reduced P fertilizer imports over time, 2005; Ketterings and Czymmek, 2012) . As previously mentioned, the farmer built a 12.1-million-liter manure storage facility in 2006, which allowed him to store manure for 6 mo and make better use of manure nutrients, reducing the need for mineral fertilizer. Farm 1 did not export crops over the study period, but manure was exported from 2009 through 2013, representing 1 to 19% of total N and P exports, depending on the nutrient and year.
Case Study Farm 2
Initial Mass Balances and Key Indicators. In 2005, Farm 2 greatly exceeded the feasible NMB per hectare and the P balance per megagram of milk ( Figure 5 ). At that time, Farm 2 had 3.0 AU/ha (Figure 1) , imported a total of 312 kg of N/ha (365 kg of N/ha including N 2 fixation), and a total of 54 kg of P/ha. Feed imports accounted for 284 kg of N/ha (91% of the total N1 imports, 78% of the total N2 imports) and 50 of kg P/ha (93% of the total P imports; Figure 6 ). The percentages of homegrown DM, N, and P fed were 67, 44, and 39%, respectively. The initial whole-farm nutrient use efficiencies were 43% for N1, 37% for N2, and 45% for P, and the initial feed nutrient use efficiencies were 20% for N and 24% for P (Figure 7) . Evolution of Mass Balances and Main Drivers for Change. Farm 2 reduced its NMB in the second year of the study and operated below the feasible NMB ±10% during the last 7 yr ( Figure 5 ). Changes in its NMB per hectare were primarily driven by changes in its feed nutrient imports, whereas changes in the N balances per hectare were also correlated with changes in N fertilizer imports (Table 2) . Mass balances per hectare were negatively correlated with the percentage of homegrown nutrients and with feed use efficiency, and positively correlated with the concentrations of CP and P in all feed and in purchased feed (Table 3) . Farm 2 increased its whole-farm nutrient use efficiencies (from 43 to 54% for N1, from 37 to 45% for N2, and from 45 to 66% for P) and its feed nutrient use efficiencies over time (from 20 to 28% for N, and from 24 to 34% for P; Figure 7 ). Specific Management Changes. At this farm, the amount of N and P purchased via feed was reduced by 60 kg of N/ha (21% reduction) and by 19 kg of P/ha (38% reduction; Figure 6A , B). Most of this reduction was obtained in the first 2 yr by reducing the concentration of CP and P in the purchased feed ( Figure 6E,  F) ; the amounts of purchased feed did not change over time (Figure 6C, D) . The percentages of CP and P in purchased feed decreased from 32.3% CP and 0.91% P in 2005 to an average of 25.6% CP and 0.57% P over the last 2 yr of the study (Figure 6E, F) . Over time, the farmer discontinued the purchase of soybean meal (52.8% CP, 0.71% P), cottonseed (23% CP, 0.58% P), oat hulls (3.6% CP, 0.70% P), and hay (19.5% CP, 0.32% P), and reduced the purchase of minerals (0% CP, 15% P). These ingredients were replaced by AminoMax (48% CP, 0.68% P; Afgritech LLC) and by higher purchases of cornmeal (9.0% CP, 0.30% P), premix (40.0% CP, 1.71% P), and straw (4% CP, 0.64% P). In addition, Farm 2 greatly reduced the concentration of P in the premix, from 1.71% in 2005 to 0.68% of P from 2007 onwards. These changes resulted in a reduction of the concentration of CP and P in all feed, from 17.8% CP and 0.44% P in the first 2 yr to 16.5% CP and 0.39% P in the last 2 yr. 
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The farmer also reduced N fertilizer purchases over time, from 20 kg of N/ha in 2005 to an average of 4 kg of N/ha in the last 2 yr of the study. Nitrogen starter use for corn was discontinued based on the results of on-farm trials that showed no crop decline with omission of starter N fertilizer (Ketterings, 2013; Ketterings et al., 2013) . In this farm, 100% of the tillable acres received manure every year, allowing the farmer to operate fields with a low amount of purchased fertilizers as compared with other dairies. Farm 2 exported crops every year (1 to 11% of total N and P exports) and manure from 2005 through 2009 (7-8 to 21-24% of total N and P exports).
Case Study Farm 3
Initial Mass Balances and Key Indicators. In the first 2 yr, Farm 3 operated with negative N1 and P balances per hectare, whereas N2 balances (including N 2 fixation) were close to zero or positive ( Figure 5 ). At that time, Farm 3 had a low animal density (1.16 AU/ha) and imported 70 kg of N/ha (104 kg of N/ha including N 2 fixation) and 10 kg of P/ha. Feed imports accounted for 54 kg of N/ha (77% of total N1 imports, 52% of total N2 imports) and 8 kg of P/ha (80% of the total P imports). The percentages of homegrown feed, N and P fed were 79, 72, and 71%, respectively, feed nutrient use efficiencies were 22% for N and 31% for P, and the whole-farm nutrient use efficiencies were 138% for N1, 95% for N2 and 143% for P (efficiencies higher than 100% reflect exports exceeding imports) ( Figure  7) .
Evolution of Mass Balances and Main Drivers for Change. Farm 3 greatly increased NMB over time and operated with positive NMB during the last 4 yr of assessments ( Figure 5 ). The increases in N and P balances per hectare over time were primarily driven by increases in feed N and P purchases and by reductions in crop exports (Table 2) . Farm 3 reduced crop sales and increased N and P purchases via feed (Figure 1 ) to compensate for a 33% reduction in the land base due to loss of rented land and a 37% increase in the herd size after the installation of 2 milking robots in 2009. Mass balances were negatively correlated with the number of tillable hectares, the percentage of homegrown feed and homegrown N, and were positively correlated with the number of mature cows, the animal density, and the milk production per hectare (Table 3) . Farm 3 increased feed N use efficiency over time (from 22 to 25%), maintained feed P use efficiency at 31%, and decreased whole-farm nutrient use efficiencies below 100 (from 138 to 60% for N1, from 95 to 45% for N2, and from 143 to 72% for P), as inputs started to exceed exports (Figure 7) . Specific Management Changes. The feed nutrient imports increased over time by 79 kg of N/ha (246% increase, ~10 kg of N/ha per year) and by 14 kg of P/ha (275% increase, ~1.8 kg of P/ha per year; Figure 6A , B). The concentrations of protein and P in the purchased feed were increased from 19.3 to 22.2% CP in the initial 2 yr and from 0.43 to 0.57% P in the most recent years ( Figure 6E ). Over time, Farm 3 discontinued the purchase of soybean meal (54% CP, 0.71% P) and reduced cornmeal use (9.8% CP, 0.30% P). These ration ingredients were substituted by pellets (20% CP, 0.59% P) and by an increase in the amounts of purchased protein mix (34% CP, 0.58% P). Farm 3 exported corn silage, alfalfa haylage, and timothy when its animal density was <1.3 AU/ha, which contributed to their low (or negative) NMB in the beginning years. The farmer discontinued the export of crops in 2010, when their animal density increased to >2.6 AU/ha, due to the increase in number of animals and loss of rented land. These changes resulted in an increase of the concentration of CP and P in all feed, from 14.8% CP and 0.32% P in the first 2 yr to 15.5% CP and 0.37% P in the last 2 yr.
Case Study Farm 4
Initial Mass Balances and Key Indicators. Farm 4 consistently had NMB per hectare and per megagram of milk below the feasible levels proposed for NY dairies, averaging 46, 107, and 7 kg/ha for N1, N2, and P, respectively ( Figure 5 ). In the first 2 yr, Farm 4 had 1.95 AU/ha, imported 138 kg of N/ha (200 kg of N/ha including N 2 fixation) and 21 kg of P/ha. Feed imports accounted for 109 kg of N/ha (79% of the total N1 imports, 55% of the total N2 imports) and 14 kg of P/ha (67% of the total P imports). The percentages of homegrown DM, N, and P fed were 81, 62, and 65%, respectively, the whole-farm nutrient use efficiencies were 52% for N1, 36% for N2 and 64% for P, and the feed nutrient use efficiencies were 21% for N and 30% for P (Figure 7) .
Evolution of Mass Balances and Main Drivers for Change. Nutrient mass balances of Farm 4 fluctuated over time without a clear trend ( Figure 5 ). Fluctuations in its NMB per hectare were mainly driven by fluctuations in feed imports, crop exports, and N 2 fixation of legumes (Table 2) . Changes in NMB were negatively correlated with the percentage of homegrown P and with the feed nutrient use efficiencies, and positively correlated with the concentration of P in all feed and in the purchased feed (Table 3) . Between the first 2 yr and 2011 to 2012, Farm 4 increased whole-farm nutrient use efficiencies from 52 to 77% (N1), from 36 to 55% (N2), and from 64 to 76% (P). Over the same period, Farm 4 increased feed N use efficiency from 21% to 23% and maintained feed P use efficiency at 30% (Figure 7) . These efficiency indicators decreased in 2013 due to a reduction in milk production per cow caused by a discontinuation in the use of recombinant bovine somatotropin.
Specific Management Changes. Despite the fluctuations in feed imports, Farm 4 reduced the nutrient concentrations in purchased feed from 32.5 to 25.3% CP (22% reduction), and from 0.65 to 0.58% P (11% reduction), when comparing 2006 to 2007 with 2011 to 2012 ( Figure 6E, F) . Farm 4 discontinued the purchase of soybean meal (52.8% CP, 0.71% P) and cottonseed (23% CP, 0.58% P) between 2009 and 2011 (consistent with the lowest NMB for those years), and increased the purchase of milk cow complete (28.4% CP, 0.70% P) and gluten (24% CP, 0.95% P). Moreover, the farmer reduced the concentration of nutrients in the milk cow complete from 28.4 to 22.2% CP and from 0.70 to 0.50% P when comparing 2006 to 2007 with 2010 to 2011, the years with their lowest NMB. In Farm 4, crop exports represented 9 to 37% of the total N exports (average = 25%) and 9 to 40% of the total P exports (average = 23%), depending on the year (Figure 8 E, F) . As a result of these changes, the concentration of protein in all feed decreased from 16.3% CP in the first 2 yr to 15.5% CP in 2011 to 2012, whereas the concentration of P in all feed remained constant at 0.35% P.
General Discussion
The 27-farm database illustrates the potential for improving NMB in dairy farms over time. The management changes made were always farmer-driven. Farmers annually received a report comparing their NMB with those of their peers, without specific guidance on how to increase or decrease NMB. The reports did not include the feasible NMB (benchmarks were published in 2014), so they had no specific target to aim at.
The 4 case study farms show that it is possible for well-managed dairies to consistently operate with NMB below the feasible NMB suggested for NY, regardless of farm size and initial NMB. These farmers made the largest management changes in nutrient imports, whereas changes in exports were typically small (Table  2) . Purchased feed was the main driver for change in NMB in all 4 case study farms. This highlights the importance of precision feed management as a mechanism to feed more closely to animal requirements leading to reduced P and N excretion and improve whole-farm NMB. Three of 4 farms reduced the concentration of CP and P in the purchased feed. Farms made these reductions while maintaining or increasing milk production, increasing the feed nutrient use efficiencies, and improving the whole-farm nutrient use efficiencies. Our results show that feeding strategies such as formulating diets closer to animal requirements and reducing protein and P in the diet can improve whole-farm NMB, consistent with findings of Kohn et al. (1997) , Cerosaletti et al. (2004) , and New York NRCS USDA (2005) . The changes were typically accomplished by replacing concentrates such as soybean meal, cottonseed, or canola meal with blends with lower nutrient concentrations.
In addition to precision feeding, other options chosen by farms that resulted in improved NMB include fertilizer management, crop sales, manure exports, and increasing or reducing the farm's land base. In Farms 1 and 2, NMB were reduced by decreasing N and P fertilizer use (Table 2 ) without a negative effect on crop yields. Farms 3 and 4 showed that crop exports can effectively reduce NMB (Table 2, Figure 8E , F). For these farms, crop exports were feasible because they were producing most of the feed needed for their herd on the farm itself (Figure 2) , which is more likely to happen in farms with relatively low animal densities (<2.4 AU/ha). Manure exports can also reduce NMB, especially in farms with high animal densities (2.4 AU/ ha or greater); 3 of the 4 case study farms exported manure during a part of the study ( Figure 8G, H) , and the amounts of manure exported increased with the animal density of the farm. Farms 1 and 3 also illustrate that changes in tillable hectares effect the NMB (Table 3) . Although milk was typically the main nutrient export ( Figure 8A, B) , milk exports per hectare were either not correlated or positively correlated with NMB per hectare (Table 2) , probably because milk production per hectare was closely linked to animal density across the 4 farms and over time (R 2 = 0.95, P < 0.01).
Key Indicators to Predict Areas for Improvement in Nutrient Mass Balances
In Soberon et al. (2015) , 6 key indicators were proposed for identifying the potential for improvement in NMB. Based on the 27-farm database, preliminary thresholds for 5 of these 6 key indicators were determined ( Figure 9 ). Farms had a high likelihood of exceeding the feasible NMB per hectare if (1) total imports were >210 kg of N/ha and >30 kg of P/ha; (2) feed imports were >170 kg of N/ha and >27 kg of P/ha; (3) homegrown feed was <62% for N and P; (4) homegrown feed N and P was <50%; or (5) animal densities were >2.8 AU/ha. Similarly, farms have a low likelihood of exceeding the feasible NMB if (1) total imports were <180 kg of N/ha and <25 kg of P/ha; (2) feed imports were <140 kg of N/ha and <20 kg of P/ha; (3) homegrown feed was >72% for N and P; (4) homegrown N and P feed was >60 to 62%; and (5) animal density was <2.2 AU/ha. Thresholds could not be determined for feed use efficiency because of the lack of a clear relationship with NMB.
According to the key indicators in the first 2 yr of NMB assessment, Farm 1 had a high risk of exceeding the feasible NMB per hectare due to (1) a low percentage of homegrown feed and (2) large total and feed N and P imports. For Farm 2, key indicators suggested an opportunity to reduce total N and P import, and specifically feed N and P, despite having a reasonable percentage of homegrown feed production. In Farms 3 and 4, all key indicators suggested low risk of exceeding the feasible NMB, in line with their low NMB, whereas for Farm 3 the negative balances indicated the potential for mining of soil P and K consistent with a low animal density combined with low fertilizer use. As such, the indicators of all 4 farms were effective in identifying opportunities for NMB improvements.
The thresholds for animal densities found in our study (low likelihood of exceeding the feasible NMB per hectare if <2.2 AU/ha, and high likelihood if >2.8 AU/ha) are in line with the 2.4 AU/ha threshold suggested by Cela et al. (2014) . However, our long-term study also shows that farms with high animal densities, such as Farm 2 (2.8 to 3.1 AU/ha), can operate within the feasible NMB for many years. This was possible because Farm 2 (1) had the highest milk production per cow and per hectare ( Figure 1 ); (2) had the highest overall crop yields, which allowed for feeding relatively high percentages of homegrown feed (66 to 71%); (3) imported feed with low concentrations of CP and P (<27% of CP and <0.60% of P over the last 7 yr); (4) imported low amounts of N fertilizer (on average, 9 kg of N/ha, compared with 20 to 41 kg of N/ha on the other 3 farms) and relatively low amounts of P fertilizer (on average, 3 kg P/ha, compared with up to 7 kg of P/ha on the other 3 farms); (5) exported crops every year (on average, 7 kg of N/ha and 1 kg of P/ha; Figure  8E , F); (6) exported manure during the first 5 yr (on average, 19 kg of N/ha and 3 kg of P/ha; Figure 8G , H); and (7) exported more nutrients via animals than the other farms (on average, 16 kg of N/ha and 4 kg of P/ha compared with 8 kg of N/ha and 2 kg of P/ha on the other farms; Figure 8C, D) .
We concluded that farms that conducted annual NMB over 6 to 10 yr tended to make management changes that improved their NMB and whole-farm nutrient use efficiencies over time, primarily due to changes in feed nutrient imports that increased feed nutrient use efficiency (precision feed management). Overall, the key indicators proposed by Soberon et al. (2015) were effective in providing initial orientation on potential areas for improvement in NMB and to monitor improvement over time. However, results also suggest that other indicators, such as the concentration of nutrients in purchased feed, fertilizer imports per hectare, and the overall crop yield, should be included in the assessments. To identify opportunities for improvements in NMB, total imports, feed imports, the percentage of homegrown feed and homegrown nutrients fed, animal density, fertilizer imports, the percentage of CP and P in the purchased feed, and the overall crop yield should be evaluated as key indicators.
